Plasma samples from individuals infected with human immunodeficiency virus type 1 (HIV-1) are known to be highly strain specific in their ability to neutralize HIV-1 infectivity. Such plasma samples exhibit significant neutralizing activity against autologous HIV-1 isolates but typically exhibit little or no activity against heterologous strains, although some cross-neutralizing activity can develop late in infection. Monkeys infected with the simian-human immunodeficiency virus (SHIV) clone DH12 generated antibodies that neutralized SHIV DH12, but not SHIV KB9. Conversely, antibodies from monkeys infected with the SHIV clone KB9 neutralized SHIV KB9, but not SHIV DH12. To investigate the role of the variable loops of the HIV-1 envelope glycoprotein gp120 in determining this strain specificity, variable loops 1 and 2 (V1/V2), V3, or V4 were exchanged individually or in combination between SHIV DH12 and SHIV KB9. Despite the fact that both parental viruses exhibited significant infectivity and good replication in the cell lines examined, 3 of the 10 variable-loop chimeras exhibited such poor infectivity that they could not be used further for neutralization assays. These results indicate that a variable loop that is functional in the context of one particular envelope background will not necessarily function within another. The remaining seven replication-competent chimeras allowed unambiguous assignment of the sequences principally responsible for the strain specificity of the neutralizing activity present in SHIV-positive plasma. Exchange of the V1/V2 loop sequences conferred a dominant loss of sensitivity to neutralization by autologous plasma and a gain of sensitivity to neutralization by heterologous plasma. Substitution of V3 or V4 had little or no effect on the sensitivity to neutralization. These data demonstrate that the V1/V2 region of HIV-1 gp120 is principally responsible for the strain specificity of the neutralizing antibody response in monkeys infected with these prototypic SHIVs.
In order to achieve complete and durable protection against human immunodeficiency virus (HIV), it has been suggested that a vaccine may have to elicit a potent, broadly neutralizing antibody response as well as a strong cell-mediated immune response (93) . Multiple studies have shown that passive transfer of HIV-specific antibodies is able to provide sterile protection against HIV type 1 (HIV-1) or simian-HIV (SHIV) challenge, whether administered intravenously or mucosally, in various animal models of infection (3, 32, 57, 58, 70, 73, 85) . Moreover, several unusual, well-characterized monoclonal antibodies that are broadly acting, relatively potent, and capable of neutralizing viruses in a cross-clade manner have been isolated from HIV-infected individuals (7, 9, 13, 34, 78, 88, 91 ). These studies demonstrate that neutralizing antibodies can, at least in theory, provide protection against HIV-1 infection. However, envelope-based immunogens developed to date have not been capable of eliciting a robust antibody response with the broad target specificity and high plasma concentrations that are likely to be necessary for protection (5, 12, 20, 22, 24-26, 31, 56, 59, 62, 92) .
HIV-1 infection in humans typically elicits high levels of antibodies directed against the viral surface glycoprotein gp120. It has been estimated that as much as 5% of all immunoglobulin in some HIV-infected individuals may be directed to the virus-encoded surface glycoprotein (6) . However, the abilities of these antibodies to neutralize HIV-1 infectivity are extremely limited in both potency and breadth. The neutralizing antibodies that are elicited upon HIV-1 infection tend to be highly strain specific; they neutralize autologous virus most effectively but exhibit little or no neutralizing activity against heterologous HIV-1 strains (10, 11, 61, 74, 81) . Due to rapid sequence evolution within the envelope protein in response to immune pressure and selection, the original antibody population loses potency over the course of infection as persistently replicating viruses acquire resistance to antibody-mediated detection. There is a responsive shift in the production of neutralizing antibodies over time, apparently evolving new target specificities to counter newly emerged viral variants (1, 29, 33, 81, 95) .
The HIV-1 envelope glycoprotein is the primary target for antibody-mediated neutralization (2, 4) . In order to circumvent antibody recognition, HIV-1 has evolved a number of shielding strategies to occlude conserved epitopes and limit the accessibility of glycoprotein spikes on the surfaces of virions to antibody binding. The mature envelope spike exists as a trimer of gp120-gp41 noncovalently associated heterodimers. Each trimer is tightly packed in a closed conformation such that epitopes that otherwise might serve as targets for antibody binding and neutralization reside in the core of the protein and are not readily exposed (45, 66, 67, 77) . Additionally, gp120 contains five distinct regions that are characterized by extensive sequence variation. Four of these hypervariable regions are thought to form loops through intrachain disulfide bonds that are exposed on the outer surface of the envelope protein, resulting in the occlusion of conserved core envelope epitopes from antibody recognition prior to viral entry (38, 40, 50, 54, 96) . A number of studies have been performed to explore the roles of the variable loops as immunological decoys or in shielding conserved elements within the core of the envelope. Surprisingly, the deletion of the entire variable loop 1 and 2 (V1/V2) complex, as many as 100 amino acids, can still yield replication-competent HIV-1 or simian immunodeficiency virus (SIV) (44, 97) . These V1/V2 deletion mutants are substantially more sensitive to neutralization by a panel of monoclonal antibodies targeting multiple epitopes on gp120 (14, 44, 46, 52, 83, 84, 87, 97) . Several highly strain-specific neutralizing antibodies targeting the V1 and/or V2 loop have been identified, although exact epitopes have not yet been defined (18, 27, 28, 30, 89) . A considerable body of evidence suggests that the majority of anti-V3 antibodies are also strain specific and can efficiently neutralize tissue culture-adapted virus strains but not primary isolates (65) . In SIV infection, the V4 loop contains a conformational, neutralization-sensitive epitope in which sequence changes emerge to escape antibody detection (43, 90) .
The present study examines the role of variable-loop sequences in the strain specificity of antibody-mediated neutralization. To investigate if certain variable loops might be responsible for the strain-specific neutralizing activity characteristic of HIV-1-positive plasma, we constructed a panel of chimeric viruses between SHIV DH12 and SHIV KB9, exchanging each variable loop between both SHIV envelopes individually and in combination. We then examined the effects of these variable-loop exchanges on virus infectivity and sensitivity to highly strain-specific plasma samples collected from SHIV DH12-and SHIV KB9-infected monkeys. Seven of the 10 SHIV-derived variable-loop chimeras were replication competent and capable of inducing robust secreted alkaline phosphatase (SEAP) production in the C8166-45 LTR-SEAP cell line. We demonstrate that the exchange of the V1/V2 loop complex between SHIV DH12 and SHIV KB9 is consistently associated with a dramatic loss of sensitivity to autologous plasma and a gain of sensitivity to heterologous plasma. Our results demonstrate that the V1/V2 loop is the principal determinant of the strain specificity of the neutralizing-antibody response in SHIVinfected monkeys.
MATERIALS AND METHODS
PCR mutagenesis and plasmid construction. Mutations within env were generated by a two-step PCR method that combined the technique of splicing by overlap extension PCR (69) to generate a primary product with site-directed PCR mutagenesis to incorporate the mutations into the hemigenomic plasmids. For SHIV KB9, initial mutagenesis was performed on the 3Ј half of the genome, which was obtained from the NIH AIDS Research and Reference Reagent Program (Division of AIDS, National Institute of Allergy and Infectious Diseases, NIH) (47) . The full-length proviral plasmid DNA of SHIV DH12 was kindly provided by T. Igarashi and M. A. Martin (86) . To facilitate optimal mutagenesis efficiency for the SHIV DH12 envelope sequence, the envelope gene was subcloned from the full-length genome.
For the splicing by overlap extension step of our mutagenesis protocol, two overlapping PCR products were generated, with the desired substitution incorporated in the region of overlap. Specifically, the amplified and incorporated fragment was the complete variable-loop sequence under investigation. Each primer included, in its 5Ј portion, nucleotides complementary to the backbone envelope sequence and, in its 3Ј half, nucleotides complementary to the variableloop sequence of interest. These primers were combined with the plasmid DNA containing the variable-loop sequence. The result was a pool of PCR products containing the amplified variable-loop sequence flanked by single-stranded overhangs of sequence complementary to the reciprocal envelope sequence. These purified variable-loop amplicons were used in lieu of primers for site-directed mutagenesis (Stratagene, La Jolla, CA) reactions using the envelope subclones as template DNA.
The following paired primers were used to generate the amplicons necessary for creating the variable-loop chimeric envelopes (the first capitalized letter indicates the SHIV envelope background, and the SHIV strain that is the source of the variable loop exchanged is indicated by the lowercase abbreviation prior to the variable-loop identification; within the primer sequence, the loop sequences that are being introduced are underlined): K. The variable-loop-exchanged envelopes within the envelope subclones were sequenced to verify accuracy. In the constructs that contained variable loops exchanged in combination, this process was repeated sequentially. Sequencing of these combinatorial constructs was performed subsequent to each mutagenesis step. Full-length proviral DNA clones of each mutant were constructed.
DNA sequencing. Cloned plasmids containing selected mutations were sequenced with a CEQ8000 genetic-analysis system, using a dye terminator cyclesequencing chemistry kit as specified by the manufacturer (Beckman-Coulter, Fullerton, CA).
Virus stocks and cell culture. To generate virus stocks, 5 g of the appropriate full-length proviral DNA plasmid was transfected into 1.5 ϫ 10 6 HEK 293T cells using the calcium phosphate method (Promega, Madison, WI). The medium was changed 24 h posttransfection. Supernatants were harvested on day 3 posttransfection. Virus concentrations in the supernatant were quantified by determining the concentration of p27 capsid protein using an antigen capture assay, according to the manufacturer's instructions (Advanced Bioscience Laboratories, Inc., Kensington, MD). HEK 293T, MT4, C8166, and C8166-45 LTR-SEAP cells were cultured and maintained as described previously (10, 60) .
Infectivity assay. Viral infectivity was quantified using the C8166-45 LTR-SEAP indicator cell line (60) . C8166-45 LTR-SEAP cells contain a Tat-inducible SEAP reporter construct allowing SIV infection of the cells to be measured by SEAP concentrations in the cell-free supernatant. Nine serial twofold dilutions were made, starting from 10 ng of p27 capsid equivalents of HEK 293T cell-produced stocks. C8166-45 LTR-SEAP cells (8,000) were added to each VOL. 82, 2008 V1/V2 LOOPS IMPORTANT IN STRAIN-SPECIFIC NEUTRALIZATION 11055
well. The cells were incubated at 37°C in a humidified CO 2 incubator. Three days postinfection, SEAP activity was measured in the cell-free supernatant (Applied Biosystems, Foster City, CA). SHIV-positive plasmas. Five plasma samples taken at selected time points postinfection from rhesus macaques infected with SHIV DH12 were obtained from Malcolm Martin (National Institute of Allergy and Infectious Diseases, NIH, Bethesda, MD). Four plasma samples taken at selected time points postinfection from rhesus macaques infected with SHIV KB9 were available from a previous study performed at the New England Primate Research Center.
Neutralization. The neutralization sensitivity of each virus to both SHIVpositive monkey plasmas was assayed using the SEAP reporter cell assay as described previously (60) . Virus equivalent to 2.5 ng of p27 capsid protein was determined to be the lowest level of virus input sufficient to give a reliable SEAP signal within the linear range of the assay for all of the virus strains used. SEAP activity was quantified on the earliest day postinfection when levels were sufficiently high over background to give consistent measurements (at least 10-fold), ranging from 3 days for SHIV DH12, SHIV KB9, SHIV KDV3, and SHIV KDV4 to 5 days for SHIV DKV12, SHIV DKV4, SHIV DKV1234, and SHIV KDV1234 and 7 days for SHIV DKV124.
To perform neutralization assays, 96-well plates were organized as follows. Twenty-five microliters of medium (RPMI 1640 supplemented with 10% fetal bovine serum, penicillin/streptomycin, L-glutamine, and HEPES buffer [R10]) was added to each well in the first three columns. To the wells in the remaining columns (columns 4 to 12), 25-l aliquots of successive twofold dilutions of test plasma or antibody, resuspended in medium, were added. All plasmas were heat inactivated at 56°C for 30 min before use in neutralization assays. For monkey plasma, 25 l of a 1:10 dilution of plasma was mixed with 75 l of the test virus. This constituted a 1:40 dilution in the representative graph. Virus equivalent to 2.5 ng of p27 capsid protein in a total volume of 75 l of R10 was then added to each well in columns 3 to 12. Virus-free medium was added to each well in columns 1 and 2 (mock infection). The plate was incubated for 1 h at 37°C. Following this incubation, 8,000 C8166-45 LTR-SEAP cells resuspended in 100 l of R10 were added to each well. The plate was placed in a humidified chamber within a CO 2 incubator at 37°C for 3 to 7 days. SEAP activity was measured. Neutralizing activities for all antibodies and plasma samples were measured in triplicate using a Victor V multilabel counter (Perkin-Elmer, Norwalk, CT) and reported as the average percent SEAP activity.
RESULTS
Stringent strain-specific neutralization of SHIV DH12 and SHIV KB9. The choice of SHIV DH12 and SHIV KB9 as representative viruses in this study was based on several factors: (i) both SHIVs are well-characterized, genetically modifiable molecular clones; (ii) positive plasmas from monkeys infected with the matched molecular clones over several time points postinfection were available; and (iii) positive plasmas from infected animals displayed extremely stringent strainspecific neutralizing activity.
To assess the specificity of the neutralizing activity present in monkeys infected with SHIV DH12 or SHIV KB9, neutralization assays were performed using plasma samples from animals RHTPP and Rh418, collected 0, 12, and 24 weeks postinfection with SHIV DH12 and plasma samples from animals 477-99 and 481-99, collected 0, 12, and 24 weeks postinfection, with SHIV KB9 (Fig. 1 ). Assays performed with plasma collected prior to infection (week zero) demonstrated no preexisting nonspecific neutralizing activity for either SHIV DH12 or SHIV KB9. Highly strain-specific neutralizing activity was ob- served in plasma samples collected from all four experimentally infected monkeys at 12 and 24 weeks postinfection. Plasma from animals RHTPP and Rh418, infected with SHIV DH12, showed extensive neutralization of SHIV DH12 yet had no effect against the heterologous SHIV KB9 (Fig. 1A and B, respectively, and Table 1 ). Conversely, plasma from monkeys 477-99 and 481-99, infected with SHIV KB9, strongly neutralized SHIV KB9, but not SHIV DH12 (Fig. 1C and D , respectively, and Table 2 ). Most or all of the neutralizing activity was accounted for by purified immunoglobulin fractions, indicating that the neutralization was antibody mediated (data not shown).
Further studies were directed at determining whether the variable loops in gp120 were principally responsible for the strain specificity of the neutralizing antibody response and, if so, which variable loop or loops were primarily involved.
Construction of recombinant variable-loop chimeric SHIVs. SHIV DH12 and SHIV KB9 were originally constructed using SIVmac239 as the backbone and differ genetically in the env, tat, rev, vpu, and vpr genes, which are derived from multiple different HIV-1 species (47, 79, 86) . Gp120 envelope sequences outside of the variable loops share an 82% amino acid identity between these two SHIV clones. Within the variable loops, however, homology is dramatically reduced, maintaining only 58% amino acid identity ( Fig. 2A) . To investigate the extent to which the variable loops of gp120 contribute to the strain restriction of the neutralizing antibody response, each variable-loop sequence was exchanged alone or in combination with other loop sequences between SHIV DH12 and SHIV KB9 (Fig. 2B) . The nomenclature of each SHIV-derived variable-loop chimera reflects this construction. For each variableloop chimeric virus, the backbone SHIV envelope sequence is identified by the first abbreviated letter (D for SHIV DH12 and K for SHIV KB9), the SHIV clone from which the exchanged variable loop was derived is indicated by the second letter, and the exchanged variable loop is identified by the numerical designation of the loop sequence. For example, SHIV DKV12 was constructed in the SHIV DH12 background to contain the V1/V2 loop derived from SHIV KB9. Virus stocks were generated by HEK 293T cell transfection, and equivalent p27 quantities were used for all comparative experiments. Infectivities of the SHIV-derived variable-loop chimeras. At 3 days postinfection, three of the five SHIV KB9-derived variable-loop chimeras, SHIV KDV3, SHIV KDV4, and SHIV KDV1234, demonstrated substantial infectivity that was only slightly less than that of parental SHIV KB9 (Fig. 3A) . Although quantifying SEAP at day 3 postinfection best approximated a single round of infection, additional assays were performed at day 5 postinfection to assess whether SHIV KDV12 and SHIV KDV124 required further rounds of replication to produce quantifiable SEAP, reflective of impaired infectivity of these particular variable-loop chimeras (Fig. 3B) . However, at all time points examined, SHIV KDV12 and SHIV KDV124 produced little or no SEAP activity and were not used further for neutralization assays.
The infectivities of the SHIV DH12-derived variable-loop chimeras displayed a somewhat different pattern than those of the reciprocal SHIV KB9-derived chimeras in that all of the SHIV DH12-derived chimeras were substantially less infectious than the parental SHIV DH12 when assayed for SEAP production 3 days postinfection (Fig. 3C) . At day 5 postinfection, four of the five SHIV DH12-derived chimeras (SHIV DKV12, SHIV DKV4, SHIV DKV124, and SHIV DKV1234) demonstrated substantial infectivity (Fig. 3D) . SHIV DKV3 displayed low and inconsistent SEAP production at all time points postinfection examined and was also not included in further neutralization assays. All SHIV-derived variable-loop chimeras were also assessed for infectivity in the CD4 ϩ CCR5 ϩ HeLa-derived TZM-bl cell line (23, 76, 94) , the human B-cell/T-cell hybrid line LTR-SEAP-CEMx174 (60), and a newly derived LTR-SEAP-MT4 cell line. SHIV DKV3, SHIV KDV12, and SHIV KDV124 also demonstrated little or no infectivity in these cells, not allowing further assays in any of the cell lines examined (data not shown). Viral growth curves were performed in both C8166-45 and MT4 cells for all parental SHIVs and SHIV-derived chimeras. Replication of the SHIV-derived variable-loop chimeras in these two cell lines largely recapitulated and was consistent with the infectivity measurements described above (data not shown).
Comparative neutralization of the SHIV DH12-derived variable-loop chimeras by DH12-positive and KB9-positive monkey plasma. We next measured the neutralization sensitivities of the parental SHIV DH12 and the infectious SHIV DH12-derived variable-loop chimeras to plasma samples taken from monkeys infected with either SHIV DH12 or SHIV KB9 at multiple time points postinfection. Figure 4 shows two representative neutralization curves demonstrating the neutralization sensitivities of parental SHIV DH12 and the SHIV DH12-derived variable-loop chimeras when assayed with SHIV KB9-positive plasma from animal 477-99 (Fig. 4A) and SHIV DH12-positive plasma from animal Rh418 (Fig. 4B) , both collected 12 weeks postinfection. Reflective of the neutralization sensitivities shown in Fig. 1 , parental SHIV DH12 displayed complete resistance to neutralization by SHIV KB9-positive plasma and was extremely sensitive to neutralization by the matched SHIV DH12-positive plasma. Fifty percent neutralization of SHIV DH12 by the positive plasma from animal Rh418 was achieved at a dilution of 1:20,000. Moreover, the neutralization phenotype of SHIV DKV4 closely mirrored that of the parental SHIV DH12. SHIV DKV4 was also highly resistant to heterologous SHIV KB9-positive plasma and extremely sensitive to autologous SHIV DH12-positive plasma, achieving 50% neutralization at the same dilution, 1:20,000. However, when the SHIV KB9 V1/V2 loop was introduced into the SHIV DH12 envelope background, the neutralization pattern was reversed. The SHIV DKV12 variable-loop chimera demonstrated extreme sensitivity to neutralization by the SHIV KB9-positive plasma from animal 477-99, achieving 50% neutralization at a dilution of 1:15,000. Additionally, SHIV DKV12 had lost sensitivity to the SHIV DH12-positive plasma collected from animal Rh418; no neutralization was observed even at the lowest dilution of plasma tested, 1:40. This gain of sensitivity to heterologous plasma and loss of neutralization by autologous plasma was dominant, as the two SHIV DH12-derived chimeras that contained the SHIV KB9 V1/V2 loop complex in combination with other variable loops, SHIV To ensure that the distinctive neutralization sensitivities of the SHIV DH12-derived variable-loop chimeras were not specific to a particular plasma sample or time point postinfection, we performed more extensive analyses using several additional plasmas from independent experiments to extend the results (Table 1 ). All plasma samples examined confirmed the neutralization phenotypes demonstrated by Fig. 4 . Specifically, four plasma samples collected from two monkeys infected with SHIV KB9 (477-99 and 481-99) at 12 and 24 weeks postinfection were able to effectively neutralize all of the SHIV DH12-derived variable-loop chimeras that contained the SHIV KB9 V1/V2 region, to which the parental SHIV DH12 and SHIV DKV4 remained completely resistant. Moreover, these V1/V2 loop chimeras acquired total resistance to neutralization by five SHIV DH12-positive plasmas, taken from two infected animals (RHTPP and RH418) at 10, 12, and 24 weeks postinfection, all of which efficiently neutralized the parental SHIV DH12 and SHIV DKV4.
Comparative neutralization of the SHIV KB9-derived variable-loop chimeras by DH12-positive and KB9-positive monkey plasmas. One of the benefits of the design of these experiments was our ability to measure both gain and loss of function in both directions with the two sets of reciprocal chimeras and the two sets of plasma specific for one SHIV clone or the other. We thus performed neutralization assays with the reciprocal SHIV KB9-derived variable-loop chimeras, using SHIV KB9-positive plasma from animal 477-99 collected 12 weeks postinfection (Fig. 5A) and SHIV DH12-positive plasma from animal Rh418 collected 12 weeks postinfection (Fig. 5B) . As previously observed (Fig. 1) , the parental SHIV KB9 was sensitive to neutralization by the SHIV KB9-positive plasma from animal 477-99, with 50% neutralization occurring at a dilution of 1:2,500. Furthermore, SHIV KB9 was completely resistant to neutralization by the SHIV DH12-positive plasma from animal Rh418. Both SHIV KDV3 and SHIV KDV4 demonstrated neutralization phenotypes similar to that of the parental SHIV KB9. Fifty percent neutralization of SHIV DKV3 and SHIV DKV4 was achieved by the autologous, SHIV KB9-positive plasma at a dilution of 1:5,000, and both chimeras were completely resistant to the heterologous SHIV DH12-positive plasma at all dilutions tested. The exchange of the DH12 V1/V2 loop complex in SHIV KDV1234, however, conveyed the same reversal of neutralization sensitivity observed with the reciprocal exchange of the V1/V2 loop sequences described above. SHIV KDV1234 demonstrated almost complete resistance to SHIV KB9-positive plasma, only reaching 50% neutralization at the very low plasma dilution of 1:80, and acquired specific sensitivity to SHIV DH12-positive plasma, achieving 50% neutralization at a dilution of 1:10,500.
We again performed more extensive analyses using several SHIV-positive plasmas to assess the neutralization sensitivities of the SHIV KB9-derived variable-loop chimeras across independent experiments and multiple time points postinfection (Table 2 ). Similar to the previous experiment, the trends observed (Fig. 5) were consistent with the results observed using plasmas from four animals at several time points and from independent experiments. In all SHIV KB9-positive plasmas examined, parental SHIV KB9, SHIV KDV3, and SHIV KDV4 demonstrated similar, high-titer neutralization sensitivities, whereas SHIV KDV1234 showed little to no sensitivity, even at the lowest dilutions of plasma tested. Furthermore, when screened for sensitivity to SHIV DH12-positive plasma, parental SHIV KB9, SHIV KDV3, and SHIV KDV4 were completely resistant; however, SHIV KDV1234 was extremely sensitive to all SHIV DH12-positive heterologous plasma samples, achieving 50% neutralization at high dilutions of plasma, varying between 1:3,000 and 1:10,500 (Table 2) .
DISCUSSION
Studies that use SHIVs benefit from the combination of an established animal model for HIV infection and access to an extensive array of HIV-1 reagents, including stored plasma samples and genetically modifiable molecular clones. Using two well-characterized SHIV clones and plasma collected from animals infected with the virus matched to each clone, we designed a straightforward panel of variable-loop chimeras in each SHIV background to evaluate the role of each loop sequence in determining the strain specificity of antibody-mediated neutralization. The beauty of these experiments was that, by using two sets of reciprocal chimeric constructs and matched SHIV-positive plasma samples, we were able to measure both gain and loss of sensitivity to strain-specific neutralization based on the presence or absence of a particular variable-loop sequence. All SHIV-derived variable-loop chimeras that included an exchanged V1/V2 variable loop lost sensitivity to positive plasma samples from monkeys infected with the autologous virus and acquired specific sensitivity to positive plasma from monkeys infected with the SHIV strain containing that V1/V2 sequence originally. The plasma dilutions at which the V1/V2 variable-loop chimeras were 50% neutralized were quite similar to the dilutions needed to neutralize the viruses from which the V1/V2 sequences were derived. The presence of these exchanged V1/V2 loop complexes was the dominant factor in establishing a neutralization phenotype for each variable-loop chimera. These results demonstrate unambiguously that the V1/V2 variable-loop complex is principally responsible for the strain-specific neutralizing activity observed in plasma from monkeys infected with these prototypic SHIVs.
The V3 loop of gp120 is often viewed as a major target of anti-HIV antibody responses and an important immunogen to be considered in vaccine design (8, 37, 42, 53, 64, 71, 72, 82) . Arguments for the importance of V3 include the targeting of V3 by antibodies from the majority of HIV-1-infected individuals (15, 92) , the ability of some anti-V3 monoclonal antibodies to potently neutralize HIV-1 infectivity (19, 35, 36, 48) , and V3's structural conservation (21, 41, 51, 98) . Even though much effort has gone into defining the nature and characteristics of anti-V3 antibody responses, others have pointed out that most anti-V3 antibodies are actually quite limited in their abilities to neutralize primary isolates of HIV-1 (7, 39, 55, 63) .
Our results indicate that HIV-1 V3 is not a target of the neutralizing-antibody response to any appreciable extent in monkeys infected with the prototypic SHIV strains DH12 and KB9. It is, of course, possible that V3 may be an important target for neutralization in the context of R5-only HIV-1 infection or at later time points in the course of monkey infection with these same SHIV strains (49) . However, the results reported here provide strong evidence for the predominance of the V1/V2 loop complex in determining the strain-specific neutralizing-antibody response that characterizes both HIV-1 and SHIV infections. Using very different approaches and reagent sets, Pinter et al. and Ching et al. have also recently concluded that the V1/V2 region is the dominant determinant of HIV-1 neutralization sensitivity (16, 75) . In contrast to their studies, our studies employed plasma matched to the cloned virus with which the monkeys were infected, did not use viruses that were globally sensitive to antibody-mediated neutralization, and employed variable-loop swaps in both directions. Nonetheless, all three studies similarly found a dominant role for V1/V2 in determining sensitivity to antibody-mediated neutralization. It will be important in the future to perform analogous experiments with CCR5-using clade B HIV-1 isolates and matched plasma collected from HIV-1-infected individuals.
Others have found more complex determinants for the strain specificity of the neutralizing-antibody response (17, 68) . The study by Moore et al. published in 2008 (68) is the only study in addition to our own that performed reciprocal exchanges of variable loops in both directions. Although Moore et al. found a substantial role for V1/V2 in determining the strain specificity of the neutralizing-antibody response to clade C HIV-1 infection, the C3-V4 region also contributed importantly (68) . It is possible that clade, tropism, and individual-to-individual variation could contribute to the degree of dominance of the V1/V2 region.
There are multiple mechanisms by which the V1/V2 loop complex may be acting in order to dramatically alter the neutralization sensitivities of the SHIV-derived V1/V2 variableloop chimeras. Most directly, the V1/V2 loop sequence may contain the epitope targets of neutralizing antibodies in the plasma from monkeys infected with either SHIV DH12 or SHIV KB9. In this scenario, exchanging the V1/V2 loop complex between the two SHIVs will concomitantly switch the targets for antibody recognition and neutralization. Alternatively, the V1/V2 variable-loop complex might shield particular epitopes from antibody recognition while allowing others to be bound and neutralized by circulating antibody. The conformational change in envelope following a V1/V2 loop exchange may shift this shielding to occlude previously exposed epitopes and expose previously shielded epitopes to antibody recognition, leading to reciprocal gains and losses of neutralization sensitivity. Lastly, the V1/V2 loop complex might be critically involved in the formation of complex, conformational neutralizing determinants. Consequently, the V1/V2 loop exchange would disrupt such epitopes and render the resultant virus refractory to neutralization by autologous SHIV-positive plasma while creating a conformational structure that could be recognized and neutralized by heterologous SHIV-positive plasma. Extensive epitope mapping will be necessary to discern which of these potential mechanisms is principally responsible for the V1/V2-dependent determination of the strain-specific neutralizing activity described by this study.
Despite robust replication and infectivity of both parental viruses in C8166-45 LTR-SEAP cells, three of the SHIV-derived variable-loop chimeras (SHIV DKV3, SHIV KDV12, and SHIV KDV124) exhibited poor infectivity and were not included in further studies. Our inability to obtain infectious recombinant viruses with these chimeras strongly suggests that although one variable loop is able to function within the context of its parental envelope spike, this same loop was nonfunctional when introduced into a different envelope context. The reduced infectivity resulting from the variable-loop exchange does not appear to be an inherent characteristic of the amino acid sequence, as infectivity was not impaired in the reciprocal exchange. These differences are most likely based upon inherent differences in the abilities of the envelope complexes to tolerate a heterologous variable-loop exchange. gp120 is thought to be stabilized in its tight, compact conformation within the envelope spike by intratrimeric interactions between monomers and by an extensive glycosylation network, the pattern of which differs between envelope species (80, 95) . Mismatched variable-loop sequences and/or differential N-linked glycosylation patterns of the SHIV-derived variableloop chimeras may destabilize the trimeric envelope framework such that specific loop exchanges (DKV3, KDV12, and KDV124) result in viruses with severely reduced infectivity.
One of the most daunting challenges for HIV-1 vaccine strategies aimed at eliciting a protective neutralizing antibody response is overcoming the enormous sequence variability that is a hallmark of the envelope protein. Thus far, such attempts have demonstrated little success, as the neutralizing activities elicited by the particular envelope immunogens tested have characteristically displayed low potency and/or high strain-specific neutralizing activity. An ideal immunogen would elicit potent neutralizing antibodies that were capable of neutralizing a broad range of diverse primary HIV-1 isolates and would avoid inducing antibodies that were weak and strain specific. There are at least two distinct approaches to achieve this. The first is to design an envelope-based immunogen that will elicit antibodies focused on conserved elements within gp120 that are able to access these epitopes in the context of the mature trimer spike on the surface of the virion. An alternative approach is to include a mixture of envelope sequences in an immunogen pool that can cover as broad a range of sequence variation as possible, thus inducing antibodies capable of neutralizing a large spectrum of primary isolates. This approach seems daunting if one is trying to adequately represent the sequence diversity of the entire envelope protein. However, if the sequence variation within the V1/V2 variable loop is the principal determinant of antibody-mediated neutralization, as indicated by the present study, this would considerably limit the range of sequences that would need to be included in such an envelope immunogen pool. We thank the NEPRC DNA-sequencing core for technical support and the NEPRC Division of Primate Resources for experimental monkey infection and blood sampling. We also thank Thomas Postler, Elizabeth MacKenzie, and Jacqueline Bixby for technical and editing assistance.
